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Summary
Background: Wnt/β-catenin signaling regulates many
processes during vertebrate development, including
patterning of the mesoderm along the dorso-ventral
axis and patterning of the neuroectoderm along the an-
terior-posterior axis during gastrulation. However, rela-
tively little is known about Wnt target genes mediating
these effects.
Results: Using zebrafish DNA microarrays, we have
identified several new targets of Wnt/β-catenin signal-
ing, including sp5-like (sp5l, previously called spr2), a
zinc-finger transcription factor of the Sp1 family. sp5-
like is a direct target of Wnt/β-catenin signaling and
acts together with its paralog sp5 (previously called
bts1) downstream of wnt8 in patterning of the meso-
derm and neuroectoderm because (1) overexpression
of sp5-like, like overexpression of wnt8, posteriorizes
the neuroectoderm, (2) sp5-like morpholino-mediated
knockdown, like wnt8 knockdown, causes anterioriza-
tion of the hindbrain, (3) combined knockdown of sp5
and sp5-like, like loss of wnt8, causes expansion of
dorsal mesoderm, (4) sp5-like knockdown reduces the
defects in mesoderm and neuroectoderm patterning
caused by wnt8 overexpression, and (5) inhibition of
sp5-like enhances the effects of hypomorphic loss of
wnt8. Importantly, (6) overexpression of sp5-like is able
to partially restore normal hindbrain patterning in wnt8
morphants.
Conclusions: sp5-like is a direct target of Wnt/β-catenin
signaling during gastrulation and, together with sp5,
acts as a required mediator of the activities of wnt8 in
patterning the mesoderm and neuroectoderm. We con-
clude that sp5 transcription factors mediate the down-
stream responses to Wnt/β-catenin signaling in several
developmental processes in zebrafish.*Correspondence: rtmoon@u.washington.edu
3Present address: Affymetrix Inc., Santa Clara, California 95051.Introduction
The Wnt family of secreted signaling molecules regu-
lates numerous processes during animal development.
In early vertebrate embryos, Wnt signaling is involved
in specification of the gastrula organizer, patterning of
the mesoderm, neuroectoderm, and neural crest, con-
trol of cell proliferation, and regulation of cell move-
ments during gastrulation (reviewed in [1–3]). Wnt pro-
teins can activate different signaling pathways, of
which the Wnt/β-catenin pathway is the best under-
stood. Activation of this pathway results in an in-
creased entry of β-catenin into the nucleus, where it
interacts with members of the Tcf/Lef family of tran-
scription factors to modulate transcription of target
genes (reviewed in [4]).
In both Xenopus and zebrafish, zygotic Wnt/β-catenin
signaling plays important roles in patterning of the meso-
derm and neuroectoderm during gastrulation [5–9]. In
particular, zebrafish wnt8 promotes ventro-lateral me-
sodermal fates and posteriorizes the neuroectoderm.
Loss of function of wnt8 consequently results in a re-
duction of ventral mesoderm and concomitant expan-
sion of dorsal organizer fates. In addition, it causes ex-
pansion of anterior neural fates and reduction of
posterior neural fates. Conversely, ectopic activation of
Wnt/β-catenin signaling during gastrulation causes re-
duction of dorsal mesodermal fates and expansion of
posterior neural fates, resulting in anterior head trun-
cations. Interestingly, Wnt/β-catenin signaling does not
appear to directly activate transcription of all posterior
neural genes. Rather, tcf3 transcription factors repress
expression of posterior neural markers in the absence
of Wnt signaling, and active β-catenin signaling over-
comes this repression in posterior regions of the
embryo [10, 11]. wnt8 appears to primarily act via over-
coming tcf3-mediated repression because the com-
bined loss of tcf3a and wnt8 has the same phenotype
as the single tcf3a knockdown [11].
An interesting question arising from these findings is
whether derepression by Wnt/β-catenin signaling is
sufficient for transcription of posterior genes by the
general transcriptional machinery or whether other sig-
naling pathways are required to actively promote ex-
pression of these genes. Good candidates for such sig-
nals are FGF and retinoic acid, both of which have the
ability to promote posterior neural fates (reviewed in
[12, 13]). Indeed, overexpression of a dominant-nega-
tive FGF receptor and of a retinoic acid degrading en-
zyme indicates that ectopic Wnt/β-catenin signaling
can only expand posterior neural gene expression
when the FGF and retinoic acid signaling pathways are
intact [14, 15]. However, it remains unclear how these
pathways interact to activate posterior genes in vivo.
Given the multitude of processes that are regulated
by Wnt/β-catenin signaling during early vertebrate de-
velopment, we know surprisingly little about which
genes are regulated by Wnt signaling. Maternal β-catenin
signaling in Xenopus is known to regulate specification
of the gastrula organizer via induction of siamois, twin,
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490and Xnr3 [16–19]. The only reported direct target of ma-
ternal β-catenin in zebrafish is the homeobox gene bo-
zozok/dharma [20, 21]. Likewise, few targets of zygotic
Wnt signaling have been identified. Very recently, the
homeobox genes vent and vox have been shown to act
directly downstream of wnt8 in dorsoventral mesoderm
patterning in zebrafish [22], and Wnt and BMP signaling
have been found to combinatorially regulate tbx6 ex-
pression in ventrolateral mesoderm [23]. Xenopus en-
grailed-2 is a direct target of Wnts acting as part of the
midbrain-hindbrain boundary organizer [24]. However,
to our knowledge, no targets of the posteriorizing Wnt
signal during gastrulation are known.
Here, we use DNA microarrays to identify several new
targets of Wnt/β-catenin signaling during early zebra-
fish development. In particular, we show that the tran-
scription factor sp5-like is a direct target of Wnt/β-catenin
signaling during gastrulation and that, together with its
paralog sp5, it acts downstream of wnt8 in dorsoventral
mesoderm patterning and posteriorization of the neu-
roectoderm. We conclude that sp5 transcription factors
are required mediators of cellular responses to Wnt/β-
catenin signaling in multiple contexts.
Results
A Microarray Screen Identifies Novel Targets
of Wnt/-Catenin Signaling
To identify new target genes of Wnt/β-catenin signaling,
we activated the pathway in early zebrafish embryos
and screened for transcriptional changes with DNA
microarrays. Specifically, we injected RNA coding for
either Wnt8 or GFP into 1-cell-stage embryos and iso-
lated RNA from early gastrula stage embryos (shield
stage, 6 hr postfertilization [hpf]) (Figure 1A). cDNA
samples derived from control and experimental RNA
were labeled with different dyes and competitively hy-
bridized to microarrays containing about 8,000 cDNAs
from a normalized mixed-stage cDNA library. We veri-
fied candidate genes by whole mount in situ hybridiza-
tion of control and wnt8-injected embryos. Because in
situ hybridization is at best a semiquantitative method
that cannot detect small changes in RNA levels, any
F
(
detected changes should be significant. In addition, the (
method provides important information on spatial pat- s
terns of gene expression. u
fTable S1 (available with this article online) presents
uan overview of our wnt8 overexpression screen. Of 25
jcDNA clones that were upregulated according to the
s
microarray, 24 were confirmed by in situ hybridization. j
Because of redundancy of the cDNA library used, these a
24 clones represent 11 genes, five of which have not i
ibeen characterized in any organism. To test whether
aWnt signaling is indeed required for expression of these
mgenes, we made use of zebrafish transgenic for a heat-
c
shock-inducible inhibitor of Wnt/β-catenin-mediated f
gene expression (hs TCF GFP) [25]. n
In situ hybridization data for five genes that are e
supregulated by Wnt and repressed by TCF GFP during
tgastrulation are shown in Figures 1B–1U (see Table S2
Efor more information on these and four additional
a
genes). axin2, a negative regulator of β-catenin stability, (
has previously been shown to be induced by Wnt sig-igure 1. A Microarray Screen for Targets of Wnt/β-Catenin Signaling
A) Schematic outline of the microarray screen.
B–U) Examples of genes that were found to be regulated by Wnt
ignaling. First column, controls at shield stage; second column,
pregulation by wnt8 RNA; third column, controls at midgastrula;
ourth column, repression by dominant-negative TCF. The first col-
mn shows expression of the indicated genes in wild-type nonin-
ected embryos detected by whole mount in situ hybridization at
hield stage, and the second column shows that in embryos in-
ected with 10 pg zebrafish wnt8 ORF 1 RNA. axin2 (B and C),
ldh1a2 (raldh2) (F and G), and 23-f17 (R and S) are in dorsal view;
sthmin (J and K) and cystathionine-b-synthase (cbs) (N and O) are
n animal view, dorsal up. For the experiment shown in the third
nd fourth column, fish heterozygous for heat-shock-inducible do-
inant-negative TCF-GFP (Tg [hsp70:TCF-GFP]w26) were out-
rossed to wild-type, and the resulting embryos were heat shocked
or 40 min starting at late shield stage, sorted into GFP-negative
ontransgenic siblings and GFP-positive heterozygous transgenic
mbryos, and fixed immediately. The third column shows expres-
ion in nontransgenic heat-shocked embryos at 70% epiboly stage,
he fourth column in TCF-GFP expressing transgenic siblings.
mbryos are shown in dorsal view, except for 23-f17 (T and U) in
nimal view. axin2 (E) is reduced in 8/13 embryos (62%), aldh1a2
raldh2) (I) in 9/14 (64%), isthmin (M) in 11/12 (92%), cbs (Q) in 6/11
(55%), 23-f17 (U) in 12/17 (71%).
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491naling in cultures of mammalian cells and in mouse em-
bryos [26–28]. aldh1a2 (raldh2) catalyses the rate-limit-
ing step in synthesis of retinoic acid, which is thought
to act downstream of Wnt/β-catenin signaling in
patterning of the neuroectoderm [15, 29]. Isthmin is a
secreted protein with unknown function recently iden-
tified in Xenopus [30], whereas the enzyme cystathio-
nine-β-synthase (cbs) is involved in cysteine biosynthe-
sis and causes the human disease homocystinuria
when defective [31].
We also identified seven noncoding transcripts that
show very strong response to Wnt overexpression and
repression by TCF GFP, one of which (23-f17) is shown
in Figures 1R–1U. Sequences of these transcripts are
not identical, but partially overlapping, and highly sim-
ilar or identical to numerous loci in the zebrafish ge-
nome (Ensembl database assembly 4), indicating that
they are derived from repetitive regions of the genome.
No open reading frames of significant length appear to
exist in these transcripts, and no significant homology
on the nucleotide or amino acid level was found to any
genes from other organisms. However, all tested tran-
scripts shared a specific expression pattern in the blas-
toderm margin at shield stage, being excluded from the
dorsal side (Figure 1R and data not shown). The ex-
pression pattern of clone 23-f17 was further charac-
terized and found to be highly specific, especially at 24
hpf, where expression was restricted to the telencepha-
lon, the midbrain-hindbrain boundary and two distinct
domains in the hindbrain (data not shown). It remains
to be seen whether these transcripts have any function;
possibly, they are derived from loci that are in proximity
of Wnt-responsive genes.
Wnt/-Catenin Signaling Is Sufficient to Activate
Expression of sp5-like
One gene that we found to be very strongly induced by
wnt8 overexpression is sp5-like (sp5l, previously called
spr2), a member of the Sp1 family of zinc-finger tran-
scription factors. Some members of this family are ex-
pressed ubiquitously and are thought to be involved in
regulation of a large number of genes and cellular func-
tions [32]. However, other family members, including
the Sp5 subgroup, are expressed in specific tissues
both in mouse and zebrafish [33–36], but little is known
about their function. Interestingly, mouse Sp8 (mBtd)
has been proposed to act downstream of Wnt signaling
in mouse limb outgrowth [37, 38]. We therefore concen-
trated our further studies on sp5-like, asking whether it
mediates the functions of Wnt/β-catenin signaling dur-
ing early zebrafish development. Zebrafish sp5-like ap-
pears to be one of two fish orthologs of mammalian
Sp5, and it has been proposed to act downstream of
FGF signaling in mesoderm induction [36].
We used several independent assays to show that
sp5-like expression is directly regulated by Wnt signal-
ing. First, to confirm that Wnt/β-catenin signaling is suf-
ficient to elevate levels of sp5l, we injected wnt8 RNA
and found that it induced ectopic sp5l expression at the
animal pole of shield stage embryos (data not shown).
Second, to test whether Wnt/β-catenin signaling is suf-
ficient to activate sp5l more rapidly and later during
gastrulation, we produced transgenic zebrafish that al-lowed us to induce expression of GFP-tagged Wnt8 by
heat shock (Figure S1). We found that expression of
Wnt8GFP for 1 hr during early gastrulation induced ec-
topic expression of sp5l at the animal pole (Figure 2A,
right), whereas heat shock of control nontransgenic
embryos did not effect sp5l expression (Figure 2A, left).
Transgenic embryos that were allowed to develop fur-
ther after the heat shock displayed anterior truncations
characteristic of Wnt overexpression but no other de-
fects, showing that this transgenic line represents a
good tool to test the effects of Wnt overexpression (Fig-
ures S1C–S1F). We conclude that Wnt/β-catenin signal-
ing is sufficient to activate sp5-like expression during
gastrulation.
Wnt/-Catenin Signaling Is Required
for sp5-like Expression
To test whether endogenous Wnt ligands are required
for sp5-like expression, we injected early embryos with
RNA coding for zebrafish Dickkopf1 [39], an extracellu-
lar inhibitor of Wnt/β-catenin signaling. We found that
sp5l expression was strongly reduced in dickkopf1-
injected embryos at shield stage (Figure 2B, right). We
then asked which Wnt ligands are responsible for regu-
lation of sp5l expression during gastrulation. Although
the zebrafish genome contains more than 19 Wnts,
many of which have not yet been characterized, one
known candidate is wnt8, which is expressed in the
blastoderm margin during gastrulation, overlapping
with sp5l ([6] and data not shown). Knockdown of both
Wnt8 proteins derived from the bicistronic wnt8 locus
resulted in decreased sp5l expression (Figure 2C, red
bar indicates height of sp5l expression domain), indi-
cating that sp5l is at least partially regulated by wnt8.
Previously, FGF signaling has been shown to be able
to activate sp5-like (spr2) expression during gastrula-
tion [36]. We thus asked whether ectopic Wnt signaling
induces sp5l expression indirectly via activation of FGF
signaling. Treatment of wild-type embryos with 30 M
of the FGF signaling inhibitor SU5402 for 70 min during
gastrulation was sufficient to completely inhibit forma-
tion of trunk and tail structures indicative of loss of FGF
signaling ([40] and data not shown) and resulted in de-
creased sp5l expression in wild-type embryos (Figures
S2A and S2C). In contrast, the same dose of SU5402
did not block the ability of ectopic Wnt signaling to in-
duce sp5l in hsWnt8GFP transgenic embryos (Figures
S2B and S2D), suggesting that Wnt/β-catenin signaling
does not induce sp5l expression indirectly via activa-
tion of FGF signaling. We also asked whether ectopic
FGF signaling induces sp5l expression via modulation
of wnt8 expression. However, doses of fgf3 RNA that
were sufficient to strongly induce sp5l expression did
not change wnt8 expression (Figures S2E–S2H). These
data suggest that Wnt/β-catenin and FGF signaling in-
dependently regulate sp5-like transcription during gas-
trulation.
sp5-like Is a Direct Target
of Wnt/-Catenin Signaling
To test whether sp5-like is a direct target of Wnt/β-
catenin signaling, we first overexpressed the dominant-
negative TCF protein in hs TCF GFP transgenic em-
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492Figure 2. sp5l Transcription Is Directly Regu-
lated by Wnt/β-Catenin Signaling during
Gastrulation
(A) wnt8 induces ectopic sp5l expression
during gastrulation. Fish heterozygous for
heat-shock-inducible Wnt8GFP were out-
crossed to wild-type, and the resulting em-
bryos were heat shocked for 1 hr starting at
germring stage, sorted into GFP-negative
nontransgenic siblings (left) and GFP-posi-
tive heterozygous transgenic embryos (right),
and fixed immediately (75% epiboly stage,
dorsal view). 10/11 (91%) transgenic em-
bryos showed ectopic sp5l expression.
(B) sp5l expression at shield stage is strongly
reduced in embryos injected with 180 pg ze-
brafish dickkopf1GFP RNA (right, 14/15 em-
bryos [93%], animal view), compared to em-
bryos injected with equimolar amounts (120
pg) of renilla luciferase control RNA (left).
(C) wnt8 regulates sp5l expression during
gastrulation. sp5l expression is reduced in
embryos injected with 2 pg each of morpho-
linos against both open reading frames of
the bicistronic zebrafish wnt8 message
(right, 23/26 embryos [88%]), compared to
noninjected embryos (left).
(D) Overexpression of dominant-negative TCF
abolishes sp5l expression. Fish heterozygous
for heat-shock-inducible dominant-negative
TCF-GFP (Tg [hsp70:TCF-GFP]w26) were
outcrossed to wild-type, and the resulting
embryos were heat shocked for 1 hr starting
at shield stage, and the whole clutch fixed
0.5 hr later at 75% epiboly. In situ hybridiza-
tion for GFP in brown in addition to sp5l in
blue was performed to identify transgenic
embryos and to quantify the expression level
of the transgene, which is highly variable.
sp5l is severely reduced or abolished in 11/
11 (100%) of transgenics (right).
(E) Dominant-negative TCF represses sp5l
transcription very rapidly. sp5l expression
(blue) is reduced in hsp70:TCF-GFP trans-
genic embryos 15 min after induction of the transgene at shield stage (middle, GFP RNA in brown, 3/3 embryos with high TCF-GFP level
showed strong reduction, 12/12 embryos with moderate transgene levels slight reduction) and hardly detectable 30 min after induction of the
transgene (right, 2/2 embryos with high transgene level had no sp5l expression, 15/15 with low to moderate levels strongly reduced sp5l).
(F) Six consensus Tcf/Lef binding sites in the sp5l promoter confer responsiveness to ectopic Wnt signaling. Wild-type or hs Wnt8GFP
transgenic embryos were injected with 1 pg of renilla luciferase driven by the constitutively expressed CMV promoter plus either 10 pg of
wild-type 1,203 bp sp5l promoter fragment driving firefly luciferase or a version with all six Tcf/Lef sites mutated. Firefly luciferase activity
was measured after 1 hr heat shock at the 80% epiboly stage, normalized to renilla levels, and is presented relative to levels in wild-type
embryos injected with wild-type promoter. Error bars represent the standard error of five measured pools of 20 embryos each. Student’s t
test shows that the activity of the wild-type promoter is significantly different between wild-type and hs Wnt8GFP embryos with p < 0.004.
(G) Lef1 protein binds the sp5l promoter in vitro. Autoradiograph of a radioactively labeled 753 bp fragment of the sp5l promoter containing
all six Tcf/Lef binding sites incubated with and without 1.5 l of a combined in vitro transcription/translation (TnT) reaction of zebrafish Lef1
and separated on a 3.5% acrylamide gel. The mobility shift caused by Lef1 binding can be reversed by increasing amounts of oligonucleotides
(100-, 500-, and 1,000-fold excess relative to the probe) containing one consensus Tcf/Lef binding site, but not by oligos containing a mutated
Tcf/Lef site.bryos [25] for 1 hr during gastrulation and found that
sthis was sufficient to greatly reduce expression of sp5l
(Figure 2D, right, compared with control nontransgenic s
Eembryos, left). TCF GFP can repress sp5l expression
very rapidly: 15 min after induction of TCF GFP ex- p
tpression, sp5l RNA levels are already substantially re-
duced (arrowhead in Figure 2E, middle) and are hardly p
pdetectable after 30 min (arrowhead in Figure 2E, right),
suggesting that TCF GFP directly represses sp5l tran- s
tscription and/or that the sp5l mRNA has a very short
half-life. sInspection of a 1203 bp fragment of the zebrafish
p5-like promoter revealed that it contains six consen-
us Tcf/Lef binding sites within 519 bp upstream of
xon 1 (Figure S3). To test whether these sites are im-
ortant for regulation of sp5l expression, we injected
he 1203 bp promoter fragment driving a luciferase re-
orter gene into hs Wnt8GFP transgenic embryos. Ex-
ression of Wnt8GFP for 1 hr during gastrulation was
ufficient to induce luciferase activity 3-fold over con-
rol nontransgenic embryos (the results of one repre-
entative experiment out of four are presented in Figure
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4932F). Mutation of all six putative Tcf/Lef binding sites
(Figure S3) abolished responsiveness of the promoter
to Wnt8GFP overexpression (Figure 2F), suggesting
that the sp5l promoter is directly regulated by Tcf/Lef
transcription factors. If so, Tcf/Lef proteins should bind
to the promoter. Using EMSA, we found that a 753 bp
fragment of the promoter containing all six binding
sites bound in vitro translated Lef1 protein (Figure 2G).
An oligonucleotide containing a consensus Tcf/Lef
binding site competed for Lef1 binding of the entire
fragment, whereas a mutated oligonucleotide did not
(Figure 2G). Together, these data show that sp5-like ex-
pression is directly regulated by Wnt/β-catenin signal-
ing during zebrafish gastrulation.
sp5-like Gain of Function Mimics the Effects
of Wnt/-Catenin on Neural Patterning
As a transcriptional target of Wnt signaling, sp5l might
mediate at least some of the functions of Wnts. One of
the major roles of Wnt/β-catenin signaling during verte-
brate gastrulation is to induce posterior neural fates, a
function that is mainly fulfilled by wnt8. Supportingly,
loss of zebrafish wnt8 results in loss of posterior neural
fates and concomitant expansion of anterior fates [9],
whereas overexpression of wnt8 produces the opposite
phenotype, expansion of posterior and loss of anterior
neural fates [6, 9]. To test whether sp5l is sufficient to
mediate the effects of Wnt signaling during gastrula-
tion, we first overexpressed sp5l and compared the in-
duced phenotypes to those produced by overexpres-
sion of Wnt. Injection of high doses of RNA encoding
sp5l resulted in the loss of anterior neural structures,
most prominently the eyes (Figure 3B), without produc-Figure 3. sp5l Overexpression Mimics Wnt/
β-Catenin Gain of Function
(A–D) Eyes are not affected in embryos in-
jected with 200 pg GFP RNA (A) but deleted
by equimolar amounts (265 pg) of sp5l RNA
(B) (625 pg, 67% of embryos have no eyes,
10% small eyes [n = 51], 395 pg, 43% no
eyes, 17% small eyes [n = 53], 265 pg, 15%
no eyes, 21% small eyes [n = 33]), low doses
(1 pg) of zebrafish wnt8 ORF 1 RNA (C), or
100 pg of VP16-sp5l RNA (28/31 embryos,
90%) (D). Embryos in (A)–(C) are at 48 hpf;
embryo in (D) at 72 hpf.
(E–H) Embryos injected with 400 pg sp5l
RNA are posteriorized by the end of gastru-
lation (100% epiboly stage) as revealed by
reduced expression of the forebrain markers
otx2 (red, arrowheads in [F], 8/11 embryos
[73%]) and hesx1 (red in [H], 25/36 embryos
[70%]) and concomitant expansion of poste-
rior neuroectoderm expressing hoxb1b (blue
in [F]) and anterior shift of the presumptive
midbrain-hindbrain boundary expressing
her5 (blue in [H]) as compared to embryos
injected with equimolar amounts of YFP RNA
(300 pg [E and G]).
(I–L) At the 5-somite stage, embryos injected
with 395 pg sp5l RNA lack expression of the
forebrain markers foxg1 (35/35 embryos, [100%], arrowhead in [J], compare to noninjected embryos in [I]) and emx3 (10/22 embryos [45%],
arrowhead in [L], compare to noninjected embryos in [K]), whereas the midbrain-hindbrain boundary expressing her5 (I and J) or pax2a (K
and L) and the hindbrain expressing krox20 (K and L) are unaffected.
(M–O) Overexpression of 400 pg sp5l RNA (N) or 100 pg VP16-sp5l RNA (O) strongly represses tcf3a expression at midgastrula (75% epiboly)
stages as compared to control embryos injected with 350 pg renilla luciferase (M).ing any other obvious defects. A very similar phenotype
is caused by injection of low doses of wnt8 RNA (Fig-
ure 3C).
Because members of the sp1 family of genes typi-
cally, but not always, act as activators of transcription
[32], we next tested whether sp5-like acts as an activa-
tor of transcription in neural patterning. We fused the
putative DNA binding domain of Sp5l to the VP16 tran-
scriptional activation domain and found that injection
of low doses of RNA encoding this construct produced
head truncations that were indistinguishable from those
induced by wild-type sp5l RNA (Figure 3D). Thus, sp5l
likely posteriorizes the neuroectoderm by activating
transcription of target genes.
The loss of eyes caused by ectopic Wnt/β-catenin
signaling is a consequence of defects in early neural
patterning during gastrulation. To test whether sp5l can
also induce the same early patterning defects, we as-
sayed expression of anterior- and posterior-specific
marker genes in sp5l-injected embryos at late gastrula
stages. We found that ectopic sp5l causes expansion
of the posterior neural marker hoxb1b (blue in Figure
3F) and concomitant reduction of presumptive fore-
and midbrain expressing otx2 (red, arrowheads in Fig-
ure 3F), as compared to YFP-injected controls (Figure
3E). Likewise, the presumptive telencephalon express-
ing hesx1 is reduced in sp5l-injected embryos (red in
Figure 3H) and the presumptive midbrain-hindbrain
boundary (MHB) marked by her5 shifted anteriorly (blue
in Figure 3H). Subsequently, sp5l overexpression
causes loss of the forebrain markers foxg1 (previously
called bf1) and emx3 (previously emx1) at early somito-
genesis stages (arrowheads in Figures 3J and 3L), with-
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WVP16-sp5l fusion construct posteriorizes neural tissue
during gastrulation as well (data not shown). We con-
clude that sp5l, like wnt8, has the ability to posteriorize s
the neuroectoderm during gastrulation. M
Transcription of posterior neural genes is repressed W
by zebrafish tcf3a in the future head region; loss of o
tcf3a accordingly results in ectopic expression of pos- t
terior genes in anterior regions and subsequent loss of r
anterior head structures [10]. We found that overex- l
pression of either wild-type sp5l or the VP16-sp5l fu- r
sion RNA causes severe reduction of tcf3a expression a
at midgastrula stages (Figures 3N and 3O). Thus, ec- b
topic sp5l and VP16-sp5l might cause loss of anterior w
neural fates by indirectly repressing tcf3a. However, we (
were not able to rescue the posteriorization caused by s
sp5l or VP16-sp5l by coinjecting tcf3a RNA (data not I
shown). Thus, sp5l may not act solely by repressing v
tcf3a but, in addition, might activate expression of pos- b
terior neural genes. s
d
lsp5-like Is Required for the Patterning Effects
dof Ectopic wnt8
dBecause sp5l is activated by Wnt signaling and is able
(to induce phenotypes similar to those observed with
aectopic Wnt, we asked whether sp5l is required for the
aactions of ectopic Wnt. To test this, we overexpressed
swnt8 and simultaneously knocked down sp5l expres-
bsion with morpholino oligos (MOs) that have been
dshown to block translation of the sp5lmRNA [36]. Over-
texpression of wnt8 by RNA injection into 1-cell-stage
uembryos produces a range of phenotypes depending
aon the concentration and distribution of the RNA. To
kquantify these effects, we sorted the embryos into five
aclasses. Class 1 is wild-type (Figure 4A), whereas
Wclasses 2 and 3 are weakly and strongly posteriorized,
drespectively (Figures 4B and 4C). Higher levels of ec-
topic Wnt signaling effect mesoderm patterning, with
class 4 embryos showing moderate and class 5 severe s
omesodermal defects (Figures 4D and 4F). Because
class 5 embryos die during somitogenesis, we counted B
tthem at early somitogenesis, whereas the other classes
were scored at 2 days postfertilization. s
rWhen we overexpress a moderate dose of wnt8 RNA
together with the standard control morpholino, more m
cthan 60% of the embryos are severely dorsalized (class
5), whereas most of the rest display less severe meso- e
1dermal defects (class 4) (Figure 4G shows the results of
one representative experiment out of three). In contrast, w
Mcoinjection of the sp5l morpholino significantly de-
creases the severity of phenotypes induced by wnt8. k
5Less than 20% of the embryos are hyperdorsalized
(class 5), and the total fraction of embryos with meso- c
rdermal defects (class 4 + class 5) is reduced to less
than 40% compared to more than 80% in the controls k
d(Figure 4G). Instead, most of the embryos are unaf-
fected or have only milder phenotypes. In addition, the u
pCNS posteriorization caused by lower doses of wnt8
RNA is also significantly rescued by knockdown of sp5l i
u(data not shown). We conclude that sp5-like is required
for the effects of ectopic Wnt/β-catenin signaling on r
hboth mesoderm and neural patterning. Although these
results confirm that sp5l is involved in neural patterning, dhey surprisingly indicate that sp5l acts downstream of
nt/β-catenin signaling in mesoderm patterning as well.
p5-like and sp5 Act Redundantly in Dorsoventral
esoderm Patterning
e next asked whether sp5-like mediates the effects
f endogenous Wnt signals. If it did, one would expect
hat knockdown of sp5-like in wild-type embryos would
esult in phenotypes similar to those associated with
oss of Wnt/β-catenin signaling. Loss of wnt8 function
esults in expansion of the dorsal mesoderm marker flh
t early gastrulation stages ([9] and data not shown),
ut knockdown of sp5-like did not (Figure 4I). However,
e noted that the zebrafish paralog of sp5-like, sp5
previously called bts1), is largely coexpressed with
p5-like during gastrulation ([35] and data not shown).
n addition, sp5 expression has been shown to be acti-
ated by Wnt signaling at the midbrain-hindbrain
oundary [35]. These data prompted us to test whether
p5 expression is regulated by Wnt/β-catenin signaling
uring gastrulation as well and whether sp5 and sp5-
ike have redundant functions in dorsoventral meso-
erm patterning. We found that sp5 expression is in-
eed strongly induced by wnt8 RNA overexpression
Figures S4A and S4B) and completely repressed 1 hr
fter induction of TCF GFP expression (Figures S4C
nd S4D). Thus, sp5, like sp5-like, is regulated by Wnt
ignaling during gastrulation, raising the possibility that
oth genes act downstream of Wnt signaling in meso-
erm patterning. Knockdown of sp5 with a morpholino
hat efficiently blocks splicing of the sp5 message (Fig-
re S4E) indeed resulted in expansion of flh expression
t early gastrulation (Figure 4J), and the combined
nockdown of sp5 and sp5-like resulted in a synergistic
nd dramatic radialization of flh expression (Figure 4K).
e conclude that sp5 and sp5-like act redundantly in
orsoventral mesoderm patterning.
p5-like Is Required for Posteriorization
f the Hindbrain
ecause sp5-like overexpression causes posterioriza-
ion of the CNS (see above), we reasoned that loss of
p5l function might result in the opposite phenotype:
eduction of posterior neural fates and expansion of
ore anterior ones. To test whether sp5l inhibition
auses defects in anteroposterior neural patterning, we
xamined the expression of pax2a and krox20 at the
0-somite stage in control embryos and those injected
ith sp5l MO. We found that the distance between the
HB expressing pax2a and rhombomere 5 expressing
rox20 is smaller in sp5l morphants (red arrow in Figure
B), suggesting that hindbrain fates are reduced. In
ontrast, fore- and midbrain are unaffected (white ar-
ow in Figure 5B). Note that the width of the stripes of
rox20 expression in rhombomeres 3 and 5, and the
istance between these stripes, is reduced as well (Fig-
res 5B, 5F, and 5H). The size of the otic placodes ex-
ressing pax2a is also significantly smaller (arrowhead
n Figure 5B). The anterior hindbrain seems to be partic-
larly strongly affected, because fgfr3 expression in
hombomere 1 is lost (arrowhead in Figure 5D) and
oxa2b expression in rhombomere 2 is severely re-
uced (arrowhead in Figure 5F). However, the posterior
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495Figure 4. sp5 and sp5-like Act in Dorso-
ventral Mesoderm Patterning Downstream of
Wnt/β-Catenin Signaling
(A–F) Range of phenotypes induced by injec-
tion of moderate doses of zebrafish wnt8
ORF 1 RNA (1–10 pg): at about 30 hpf, class
1 is wild-type (A), class 2 mildly posteriorized
as evident by small eyes (arrow in [B]), and
class 3 more severely posteriorized resulting
in loss of eyes (arrow in [C]). Higher levels of
ectopic Wnt signaling effect mesoderm
patterning. Class 4 is dorsalized as evident
by reduction or curling up of trunk and tail
(arrow in [D]), reflecting the role of maternal
β-catenin signaling in organizer specifica-
tion. However, zygotic Wnt signaling during
gastrulation is also required to limit the size
of the organizer [9]; Wnt overexpression can
accordingly also result in reduction of no-
tochord, the dorsalmost mesodermal tissue
derived from the organizer. We grouped such
embryos together with the other mesoder-
mal defects into class 4 (not shown). Class 5
is severely dorsalized as evident by radi-
alized somites (arrowheads in [F]) at early
somitogenesis stages.
(G) The percentage of embryos in each phe-
notypic class caused by injection of 1 pg
wnt8 RNA with 10 ng of the standard control
morpholino (MO) or with 10 ng sp5l MO. The
results of one representative experiment out
of three are shown.
(H–K) sp5 and sp5l are required for dorso-
ventral mesoderm patterning. Expression of
the dorsal mesoderm marker flh at 60% epiboly is not effected by injection of 10 pg sp5l MO + 10 pg control MO (I) as compared to injection
of 20 pg control MO (H). 10 pg sp5 MO + 10 pg control MO cause expansion of flh in 8/21 (38%) embryos, whereas 10 pg sp5 MO + 10 pg
sp5l MO result in massive expansion in 17/22 (77%) embryos.hindbrain and anterior spinal cord are also shortened
as revealed by reduced expression of hoxb4a (arrow in
Figure 5H). Thus, sp5-like is required for patterning of
the posterior CNS, particularly the hindbrain.
If these defects were the consequence of earlier
changes in the anteroposterior coordinates of the CNS,
we would expect a concomitant expansion of anterior
neural fates. Indeed, we find that lef1, which is normally
expressed in the mesencephalon [41], expands into the
anterior hindbrain in sp5lmorphants (compare distance
between arrowheads in Figures 5I and 5J). Likewise,
her5 and gbx2, which are expressed at the MHB, are
expanded into the hindbrain (arrowheads in Figures 5L
and 5N). Interestingly, not all MHB markers are ectopi-
cally expressed at the same time. Although pax2a and
fgf8 expression is normal at the 10-somite stage, ec-
topic expression of these genes is detected in the pre-
sumptive cerebellum (anterior hindbrain) by 24 hpf (ar-
rowhead in Figure 5P and data not shown). Taken
together, these data show that reduction of sp5l func-
tion results in anteriorization of the CNS.
To confirm the specificity of these defects, we at-
tempted to rescue the morphants with sp5l RNA that
cannot be bound by the morpholino. Indeed, we found
that the expansion of her5 from the MHB into the ante-
rior hindbrain and the loss of fgf3 expression in rhom-
bomere 1 can be reversed by coinjection of VP16-sp5l
RNA (Figures S5A–S5F). In addition, although 79% of
morphants coinjected with control RNA lack fgfr3 inrhombomere 1, low and high doses of wild-type sp5l
RNA can reduce this number to 54% and 32%, respec-
tively (Figure S5G). The more potent VP16-sp5l RNA,
however, induces complete rescue, with only 2% of the
morphants lacking fgfr3 expression in rhombomere 1
(Figure S5G). Thus, the CNS anteriorization caused by
the sp5l morpholino is specifically caused by interfer-
ence with sp5l function. We conclude that sp5l is re-
quired for posteriorization of the CNS, particularly the
prospective hindbrain.
wnt8 and sp5-like Functionally Interact
in Hindbrain Patterning
Zebrafish wnt8, like sp5l, is required for posteriorization
of the neuroectoderm [8, 9]. This prompted us to ask
whether sp5l acts downstream of wnt8 in this process.
Because Wnt signaling posteriorizes the neuroecto-
derm during gastrulation, we first asked whether sp5l is
expressed at the right time and place to mediate wnt8-
induced posteriorization. During gastrulation, sp5l is
expressed in prospective posterior neural tissue ([36],
see also Figure S6A). By the end of gastrulation, at tail-
bud stage, it is still expressed broadly in the MHB and
posterior neural domain but excluded from the pros-
pective fore- and midbrain (Figures S6B and S6C). At
early somitogenesis, however, expression in the hind-
brain region quickly fades, and by the 3-somite stage,
expression in the CNS is limited to a very weak domain
at the MHB (Figure S6D). Because sp5l is not expressed
Current Biology
496Figure 5. The Neuroectoderm of sp5l Morphants Is Anteriorized
(A–H) Injection of 10 ng sp5l MO results in hindbrain patterning defects, as compared to embryos injected with 10 ng standard control MO
and detected by in situ hybridization with the indicated genes at the 10-somite stage. Embryos were flatmounted, anterior to the left. (B) The
distance between the MHB expressing pax2a and rhombomere 5 (r5) expressing krox20 (red arrow) and the size of the otic placodes express-
ing pax2a are reduced in 100% of sp5l morphants (n = 15). (D) fgfr3 in r1 (arrowhead) is absent in 54% and severely reduced in 34% of sp5l
morphants (n = 35). (F) hoxa2b in r2 (arrowhead) is severely reduced in 95% of sp5l morphants (n = 21). (H) The size of the hoxb4a expression
domain in r7 and anterior spinal cord (red arrow) is reduced in 83% of sp5l morphants (n = 12).
(I–P) Some genes expressed at the midbrain-hindbrain boundary are expanded into the anterior hindbrain in sp5l morphants at the 10-somite
stage (I–N) and at 24 hpf (O and P). (J) lef1 expression expands into the anterior hindbrain (arrowhead) in 90% of sp5l morphants (n = 29). (L)
her5 expression at the MHB is expanded posteriorly (arrowhead) in 49% of sp5l morphants (n = 51). (N) gbx2 expression at the MHB is
expanded posteriorly (arrowhead) in 69% of sp5l morphants (n = 42). (P) pax2a expression at the MHB expands posteriorly in 77% (n = 34)
of sp5l morphants at 24 hpf.in the presumptive hindbrain during somitogenesis, the 6
rhindbrain anteriorization caused by sp5l knockdown
most likely occurs during gastrulation, when sp5l is ex-
pressed in the prospective posterior CNS. Thus, sp5-
like expression is consistent with a function in neuroec- s
itoderm posteriorization during gastrulation.
We next tested whether interference with wnt8 func- I
ltion causes similar hindbrain defects as those seen in
sp5l morphants. Indeed, we found that knockdown of t
wboth proteins derived from the bicistronic wnt8 locus
results in loss of fgfr3 expression in rhombomere 1 at w
rthe 10-somite stage (arrowhead in Figure 6B) and in
concomitant expansion of lef1 into the anterior hind- o
ebrain (compare distance between arrowheads in Fig-
ures 6C and 6D). In addition, the width of the stripes i
Vof krox20 expression in rhombomeres 3 and 5 and the
distance between these stripes is also reduced (Figures 3
e6B and 6D). Thus, wnt8 loss of function phenocopies
the hindbrain defects of sp5l morphants. We next t
lasked whether wnt8 and sp5l functionally interact in
hindbrain patterning. To test this, we coinjected hypo- f
rmorphic doses of wnt8 and sp5l morpholinos and as-
sayed for expression of fgfr3 in rhombomere 1. At these a
idoses, sp5l and wnt8 knockdown on their own did not
delete expression of fgfr3 but resulted only in reduction w
sof expression in about 30% of injected embryos (Figure
6E). In contrast, the combined knockdown caused loss t
sof fgfr3 expression in 1/3 of the treated embryos and
decreased expression in almost all of the rest (Figure nE). We conclude that wnt8 and sp5-like coordinately
egulate anteroposterior hindbrain patterning.
p5-like Functions Downstream of wnt8
n Hindbrain Patterning
f induction of sp5l expression by wnt8 mediates at
east some of the effects of Wnt signaling on neuroec-
oderm patterning, we might be able to rescue loss of
nt8 by restoring sp5l function. To test this prediction,
e knocked down wnt8 and coinjected sp5l RNA or
enilla luciferase (RLuc) control RNA. Although only 5%
f wnt8 MO + Rluc RNA-injected embryos had normal
xpression of fgfr3 in rhombomere 1, 47% lacked fgfr3
n r1 altogether (Figure 6F). In contrast, low doses of
P16-sp5l RNA could restore wild-type expression in
7% of injected embryos and reduce the number of
mbryos lacking fgfr3 to 16% (Figure 6F). Similarly, al-
hough only 39% (n = 33) of embryos injected with
ower doses of wnt8 MO plus control RNA had normal
gfr3 expression in r1, coinjection of wild-type sp5l RNA
escued wild-type fgfr3 in 86% (n = 37) of embryos and
lso significantly reduced the number of embryos lack-
ng fgfr3 expression after injection of high doses of
nt8 MOs (data not shown). Thus, overexpression of
p5-like can partially restore normal hindbrain pat-
erning in wnt8 morphants, strongly suggesting that
p5l acts downstream of wnt8 in posteriorization of the
euroectoderm.
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497Figure 6. sp5l Acts Downstream of wnt8 in Neuroectoderm
Patterning
(A–D) wnt8 morphants have similar hindbrain patterning defects as
sp5lmorphants. fgfr3 expression in r1 at the 10-somite stage is lost
(13/21 embryos, 62%) or severely reduced (8/21, 38%) in embryos
injected with 4 ng each of wnt8 MOs 1 and 2 (B), compared to
embryos injected with 8 ng of control MO (A). lef1 expression ex-
pands into the anterior hindbrain in wnt8 morphants (D) (16/20 em-
bryos, 80%).
(E) wnt8 and sp5l functionally interact in CNS patterning. The per-
centage of embryos showing normal (green), reduced (yellow), or
absent (red) expression of fgfr3 in r1 at the 10-somite stage is
shown in embryos injected with 5 ng sp5l MO + 4 ng cont MO, 2
ng each of wnt8 MOs 1 and 2 + 5 ng cont MO, and 2 ng each of
wnt8MOs 1 and 2 + 5 ng sp5lMO. The results of one representative
experiment out of three are shown.
(F) sp5l overexpression partially rescues the hindbrain patterning
defects of wnt8 morphants. fgfr3 expression in r1 at the 10-somite
stage was assayed in embryos injected with 4 ng each of wnt8
MOs 1 and 2 + 20 pg renilla control RNA or with 4 ng each of wnt8
MOs 1 and 2 + 25 pg VP16-sp5l RNA. Results are combined from
two independent experiments.Discussion
In this study we establish that sp5-like, a member of
the Sp1 family of transcription factors, is a direct target
of Wnt/β-catenin signaling. We further show that sp5-
like acts together with its paralog sp5 to mediate some
of the functions of wnt8 in mesoderm and neuroecto-
derm patterning during zebrafish gastrulation.
Although Sp1, the founding member of the Sp family
of transcription factors, is expressed ubiquitously and
is assumed to be a general regulator of transcription
[32], other family members are expressed in specific
tissues both in mouse and zebrafish [33–36]. Loss-of-
function studies have revealed specific functions for
some of these genes during embryonic development.
Knockout of mouse Sp8 (also calledmBtd) causes spe-
cific developmental defects, including posterior axial
skeleton truncations and shortened limbs [37, 38]. Very
recently, sp8 and sp9 were found to be involved in regu-
lation of fgf8 expression in the limbs/fins of chick and
zebrafish [42]. Loss of mouse Sp5 does not result in an
obvious phenotype but enhances posterior mesoderm
defects caused by loss of Brachyury (T) [33]. Zebrafish
sp5 (bts1) was reported to be involved in induction of
pax2a expression at the midbrain-hindbrain boundary
[35]. The second zebrafish Sp5 homolog, sp5-like
(spr2), was reported to act downstream of FGF signal-
ing in mesoderm induction [36]. We find that sp5-like is
specifically required for neuroectoderm posteriorization
and that sp5 and sp5-like act redundantly in dorso-
ventral mesoderm patterning. Together, these studies
present increasing evidence for specific roles of Sp1-
like transcription factors in vertebrate development.
sp5-like Acts Downstream of wnt8
We show that overexpression of sp5-like posteriorizes
the neuroectoderm during gastrulation and that sp5l
knockdown reveals a requirement for endogenous sp5l
in posteriorization of the neuroectoderm. Because
sp5l is not expressed in the presumptive hindbrain after
gastrulation, the brain patterning defects seen at the
10-somite stage are likely the consequence of a
requirement for sp5l at an earlier stage. However, we
were not able to detect any gross changes in anterior-
posterior patterning at the end of gastrulation in sp5l
morphants (data not shown). It is possible that sp5l
acts as a nonessential modulator of Wnt target gene
expression so that loss of sp5l causes only mild pheno-
types that are a subset of the defects produced by loss
of wnt8 function. Such mild anteroposterior patterning
defects are difficult to detect at early stages because
of the dynamic nature of marker gene expression and
the unavailability of markers at these early stages that
are specifically expressed in the precursors of rhom-
bomere 1 and 2, which are most strongly affected. Al-
ternatively, because injection of morpholinos very likely
causes hypomorphic phenotypes, it remains possible
that the full loss of sp5l function might cause more dra-
matic phenotypes that can be detected earlier. It is also
possible that redundancy with other Sp1-like transcrip-
tion factors limits the effects of sp5-like knockdown on
patterning of the neuroectoderm in the wild-type back-
ground.
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4activate transcription of posterior neural genes. Rather,
it overcomes repression of these genes by tcf3 [10, 11]. s
sIntriguingly, we found that sp5l, which is regulated by
Wnt signaling, can repress tcf3a expression. Thus, Wnt a
gsignaling might derepress posterior genes by inhibiting
tcf3a expression, a hypothesis that we are currently a
ctesting experimentally. After derepression by Wnts
other factors, including FGF and retinoic acid, presum- d
sably activate transcription of posterior neural genes
[12, 13]. sp5l transcription might be coordinately regu- m
dlated by Wnt and FGF signaling (see below). Because
sp5l acts as an activator of transcription in posterioriza- t
mtion of the neuroectoderm, it could be involved in acti-
vation of posterior neural genes after derepression by t
Wnt signaling. The fact that sp5l itself is regulated by
Wnt signaling might ensure that activation of posterior C
Wgenes is limited to the appropriate regions.
We also found that sp5-like is required for the ability w
rof ectopic Wnt/β-catenin signaling to alter dorsoventral
patterning of the mesoderm. However, we did not de- g
ftect any obvious dorsoventral mesoderm patterning
defects in sp5-like morphants. In contrast, knockdown i
iof sp5, the paralog of sp5-like, causes moderate dorso-
ventral mesoderm patterning defects, whereas the com- n
tbined knockdown of both sp5 and sp5-like reveals a
redundant function of both genes in this process. Be- s
bcause sp5 is also regulated by Wnt signaling, it appears
likely that both genes act downstream of wnt8 in meso-
Ederm patterning.
M
Sp1-like Genes Are Regulated S
aby Wnt/-Catenin Signaling
mUsing several independent assays, we show that sp5-like
wtranscription is positively regulated by Wnt/β-catenin sig-
enaling during gastrulation and that its promoter is di-
O
rectly regulated by Tcf/Lef transcription factors. Pre- T
viously, sp5-like (spr2) expression at gastrula stages k
shas been shown to be induced by FGF and inhibited by
ha dominant-negative FGF receptor in overexpression
aassays ([36] and clone 335 in [43]). In line with sp5l be-
wing a direct Wnt target, our experiments with the FGF-
t
signaling inhibitor SU5402 indicate that Wnt signaling f
does not require FGF signaling to activate sp5l expres- i
ssion. Conversely, ectopic FGF signaling activates sp5l
swithout altering wnt8 expression. Together, these data
windicate that Wnt and FGF signaling have the ability to
bregulate sp5l expression independent of each other.
f
Thus, it is likely that Wnt and FGF signaling regulate p
sp5l transcription in parallel. This hypothesis is sup- s
pported by the finding that coinhibition of Wnt and FGF
csignaling by overexpression of axin and the truncated
aFGF receptor is able to eliminate sp5l expression in
gsome cases [36]. Similar cooperation of FGF and Wnt
signaling in regulation of genes involved in posterior H
neural patterning has been noted previously [14, 44]. E
FInterestingly, the other zebrafish Sp5 homolog, sp5
p(bts1), is also regulated by Wnt/β-catenin signaling be-
acause transplants of Wnt-secreting cells can induce ec-
topic sp5 (bts1) expression in the neuroectoderm [35]. D
We likewise found that wnt8 RNA induces sp5 and that T
the dominant-negative TCF GFP protein represses c
csp5 expression. In addition, mouse Sp8 (mBtd) may actownstream of Wnt signaling in limb outgrowth [37, 38,
2]. It is thus tempting to speculate that Sp1-like tran-
cription factors are regulated by, and function down-
tream of, Wnt/β-catenin signaling in many systems
nd developmental processes. The member of the
ene family studied here, zebrafish sp5-like, appears to
ct downstream of Wnt signaling in at least two pro-
esses during early development, dorsoventral meso-
erm patterning and posteriorization of the CNS. Thus,
p5l might represent a general Wnt target that does not
ediate a specific effect of Wnt signaling in a specific
evelopmental process but perhaps acts as a coregula-
or of specific Wnt target genes. sp5-like expression
ight therefore be induced by Wnt/β-catenin signaling
o enhance activation of Wnt target genes.
onclusions
e conclude that DNA microarray-based analysis of
hole embryos is sufficiently sensitive to detect Wnt-
egulated genes in zebrafish. Focusing on one of these
enes, we found that the Sp1-related transcription
actor sp5-like is a direct target of Wnt/β-catenin signal-
ng during zebrafish gastrulation and acts together with
ts paralog sp5 downstream of wnt8 in mesoderm and
euroectoderm patterning. Thus, sp5 transcription fac-
ors are required for cellular responses to Wnt/β-catenin
ignaling in at least two processes during early verte-
rate development.
xperimental Procedures
icroarrays
potted cDNA microarrays containing 8,448 amplified cDNA clones
nd 80 known cDNA clones were generated from a normalized
ixed stage zebrafish library [45] by standard protocols (http://
ww.microarray.org/). Total RNA was isolated from 50-shield-stage
mbryos that had been injected with either 10 pg zebrafish wnt8
RF 1 RNA or equimolar amounts of GFP RNA (7 pg) by using
rizol (Gibco) and subsequent purification with the Qiagen RNeasy
it. Amplified Cy3- and Cy5-labeled cDNA was generated as de-
cribed [46] with 5 g total RNA as starting material. Arrays were
ybridized simultaneously with labeled cDNAs derived from GFP-
nd wnt8-injected embryos; two independent biological samples
ere obtained and each hybridized twice with dyes swapped for
he second hybridization. Array hybridization and washing was per-
ormed as described [46] except for the use of Salmon Sperm DNA
nstead of Cot1 DNA in the hybridization cocktail. Arrays were
canned on an Axon 4000A scanner. Data were extracted from
canner images with the Spot software [47, 48]. Data normalization
as based on print tip group normalization and signal-intensity
ased normalization [48] for each slide. Data analysis was per-
ormed with the Statistics for Microarray Analysis (SMA) software
ackage (http://www.stat.berkeley.edu/users/terry/zarray/Software/
macode.html). Red (Cy5) to green (Cy3) signal ratios were ex-
ressed in log(base2). We selected for further analysis cDNA
lones exhibiting mean log ratios (M) over four experiments with
bsolute values greater than 0.43 and absolute T statistic values
reater than 2.16 (where T = M/[standard error of the mean]).
eat-Shock-Inducible Fish Lines
stablishment of the hsWnt8GFP line is described in the legend of
igure S1. Heat shocks for this line and the hsTCF-GFP line were
erformed by adding fish water preheated to 40°C to the embryos
nd incubating them in an air incubator at 37°C.
NA Constructs, RNA Synthesis, and sp5l Knockdown
he sp5l open reading frame was subcloned into pCS2+ and
apped sense RNA synthesized with the Ambion SP6 message ma-
hine kit to overexpress sp5l RNA. For VP16-sp5l RNA production,
sp5l Acts Downstream of wnt8
499the C terminus of sp5l (coding for the last 136 aa that contain the
putative DNA binding domain as defined by homology to other Sp
proteins) was cloned C-terminal of the VP16 transcriptional activa-
tor domain in a modified RN3 vector containing the Xenopus globin
5#UTR and 3#UTR and RNA synthesized with T3 polymerase.
The sp5l morpholino (5#-CCCCCTTACACAGCCAGGTGCGTAC-
3#) has been described [36]. Because the MO binds to the 5# un-
translated region, the wild-type sp5l open reading frame could be
used for rescue experiments. We tested three additional MOs with-
out being able to knock down the Sp5l protein: one additional
translation blocking MO did not inhibit sp5l translation in vitro, and
two splice blocking MOs produced in-frame cryptic splicing and
loss of only small parts of the N-terminal half of the Sp5l protein.
The sp5 splice blocking morpholino has the sequence 5#-
TTCGGAGTGCGATCCTGGAGCAGAA-3#. A previously published
translation blocking MO against sp5 (bts1) [35] did not have any
effect in our hands at nontoxic doses.
Luciferase and EMSA Assays
1,203 bp of genomic DNA 5# of Exon 1 of sp5l was cloned upstream
of the firefly luciferase gene in pGL3. For mutation of all six putative
Tcf/Lef sites, part of this construct was exchanged with a mutated
fragment synthesized from overlapping oligos by PCR with the
DNAWorks 2.4 program used to design oligos (http://molbio.info.nih.
gov/dnaworks/). Firefly and Renilla activity was measured in pools
of lysed embryos with the Dual-Luciferase Reporter Assay System
(Promega). EMSA assays were performed as described [17].
Supplemental Data
Supplemental Data include six figures and two tables and can be
found with this article online at http://www.current-biology.com/
cgi/content/full/15/6/489/DC1/.
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